The rare-earth-free MnBi magnetic material is promising for high-temperature (150 200 o C) application of permanent magnets because of its large magnetocrystalline energy and especially the positive thermal coefficient of coercivity (dH c /dT > 0). Because of the moderate value of the spontaneous magnetization M s 74 emu/g, the anisotropy of MnBi bulk magnets should be investigated to enhance the remanence M r . With large ratio M r /M s and appropriate microstructure, the squareness of MnBi magnets should have high value leading the remanent coercivity b H c close to the intrinsic coercivity i H c , thus enhancing the energy product (BH) max . The paper presents an approach to loading and compacting of MnBi powders in the 18 kOe magnetic field oriented perpendicular to the pressing direction where MnBi grains can be freely rotated and oriented parallel to the field direction. Based on the energy minimization of the assembly of magnetized grains, the compacting pressure was chosen to optimize two parameters, the mass density and the coercivity i H c of magnets. The prepared MnBi bulk magnet had 8.4 g/cm 3 , M r /M s 0.92, 0.89 and (BH) max reached 8.4 MGOe.
INTRODUCTION
Large magnetocrystalline energy of K 0.9 MJm -3 and positive thermal coefficient of coercivity (dH c /dT > 0) make the rare-earth-free MnBi magnetic material appealing for producing low cost magnets used in the applications at an elevated high temperature in the range of 150 200 o C [1 -5] . With the maximum value 8.2 kG of the spontaneous magnetization M s and the perfect microstructure, the energy product (BH) max of MnBi magnets can reach the roomtemperature theoretical limit of 16.8 MGOe. In practice, (BH) max of prepared MnBi magnets is far below this theoretical value. In 1952, the first MnBi bulk magnet was prepared by using the conventional metallurgical method, having (BH) max = 4.5 MGOe [6] . The spark plasma sintering technique used in [7] improves the magnet mass density but cannot increase the energy product because of the complexity of the phase diagram of Mn-Bi system, (BH) max is only 2.4 MGOe. The hot compaction technique implemented in [8] enhanced (BH) max up to 5.8 MGOe. The temperature gradient driven annealing together with the low-energy ball mill and the hot compaction improved (BH) max to 6.1 MGOe [9] . By using the melt spun MnBi powders and the hot compaction technique [10], the energy product was increased up to 6.7 MGOe. The lowtemperature low-energy ball-mill and quick hot compaction techniques performed in [11] have further enhanced (BH) max but only up to 7.8 MGOe.
In any bulk magnets, the energy product (BH) max directly depends on the remanence M r , the intrinsic coercivity i H c , and the squareness . These three parameters depend strongly on the anisotropy of magnets, which is closely related to the unit cell structure of materials and strongly depends on the technology of magnet preparation. Therefore, a better way of increasing the anisotropy of magnets will directly improve the energy product. This paper shows a way for preparing highly anisotropic MnBi bulk magnets which help the remanence M r exceeding 90 % of M s . This high anisotropy also contributes to increasing the squareness of the second quadrant demagnetization curve, consequently increasing (BH) max of magnets. The compaction of anisotropic magnets was also performed by optimizing the interaction between magnetized ferromagnetic particles to prepare dense magnets with a good balance between M r and b H c in order to improve (BH) max . The prepared MnBi magnet had 8.4 g/cm 3 , M r /M s 0.92, 0.89 and (BH) max reached the value of 8.4 MGOe.
EXPERIMENTS
To prepare high-performance Mn-Bi bulk magnets, because the ferromagnetic phase is Mn 50 B 50 (referred to as the LTP -Low Temperature Phase of MnBi as this phase is formed only below 340 o C), the starting Mn and Bi materials were weighted by the atomic ratio 1:1 despite the lack of the eutectic point at this ratio on the phase diagram of Mn-Bi system [12] . From this phase diagram the phase segregations during the solidification are clearly observed. Therefore, in order to obtain samples with high LTP content , the arc-melted alloys must be annealed. The annealing temperature 300 o C was chosen, which is below the upper limit 340 o C of creating the LTP and above the melting temperature 271 o C of Bi. Moreover, to increase , the temperaturegradient driven annealing technique performed at 300 o C superimposed by gradT = 2 o C/cm [9] was used instead of the conventional isothermal annealing technique. The optimal annealing time is 20 hours [9] .
The arc-melted alloys were finely ground for obtaining the powder X-ray diffraction (PXRD) patterns. The LTP content was determined by using these PXRD patterns and the calibration curve method presented in [13] . The magnetic properties of MnBi alloys were estimated by measuring the loops of the isotropic and the in-epoxy-aligned powders.
The bulk magnets were prepared by using the MnBi powder of 5 µm average size. The powders were aligned in the magnetic field of 18 kOe and hot-compacted by the pressure P in the range of 600 1800 psi at T a = 300 o C for t a = 10 min.
The anisotropy of magnets was checked by the texture of peaks appeared on the PXRD patterns taken on the magnet surface with the normal vector parallel (parallel surface) and perpendicular (perpendicular surface) to the direction of the aligning magnetic field. The anisotropy of magnets can be characterized by the ratio M r /M s estimated from the first quadrant loop section and the ratio b H c / i H c representing the squareness estimated from the second quadrant loop section. The energy product (BH) max has been also estimated from the second quadrant B-H loop section. The effects of the magnet processing on the (BH) max will be analyzed in details.
RESULTS AND DISCUSSION

Estimation of LTP content
The phase composition of the Mn 50 Bi 50 alloy prepared by the above mentioned technique is represented on its PXRD pattern shown in Fig. 1 . The peaks revealed that the sample consists of three phases of the LTP MnBi, Bi, and Mn. Since the sample was finely grounded, the peaks intensities correctly manifest the weighing ratio of these three phases. Among three strong peaks of LTP MnBi (101) , Bi (012) , Mn (411) the strongest peak is that of the LTP MnBi (101) . The intensities of two peaks Bi (102) and Mn (411) were related by the ratio1:3.8 which represents the ratio of the amounts of Bi and Mn excessive in the matrix of MnBi. The ratio between the intensities of the peaks LTP MnBi (101) and Bi (012) equals 10.95, which corresponds to the content 98 wt% of LTP MnBi estimated from the calibration curve of the relation between and as presented in [13]: .
Preparation of highly anisotropic magnets
A magnet is prepared from a hard magnetic material. Normally, the quality of magnets is of about 70 -80 % of that of the material. The technology of preparing magnets is the process of optimal collecting magnetic grains to form a magnet product of wanted shape with high texture, high mass density and good balance between coercivity and remanence.
The arc-melted and annealed MnBi alloys were low-energy ball-milled by using the balls of 3 mm diameter, the weighing ratio of balls to powders is 10:1. The magnets were compacted in the non-magnetic mold. The powder grains loading to the mold were magnetized in a magnetic field of 18 kOe, and freely rotated under action of the field gradient and oriented parallel to the direction of this aligning field. The aligned grains were compacted by the pressure P ranged from 600 to 1800 psi and oriented perpendicularly to the aligning field direction. At this pressure P the green magnet compacts were sintered at 300 o C for 10 min. During the sintering, the Bi excess was melted and functioned as a metal binder surrounding the MnBi grains to increase the magnet mass density and isolate the grains for controlling the magnet coercivity in the range 3 7 kOe. Figure 2 presents the loops of the isotropic, in-epoxy aligned powder samples and of the prepared magnet, the pressure of 18000 psi was applied. Figure 2 . The magnetization loops of the isotropic powder sample (), the in-epoxy aligned powder sample ( ) and the bulk magnet sample (). In the two last cases the measuring field was parallel to the aligning direction. The insets model the grain microstructures of three samples.
In the isotropic sample, the grains were randomly oriented and this configuration was kept by the epoxy cover. The ratio M r /M s had the value of 0.44, which was close to the typical value of 0.5 of the Stoner-Wolfarth model for non-interactive single domain grains [14] with the easy axes randomly oriented in the 3D space of the space angle =180 o .
In the in-diluted-epoxy aligned sample, each grain was covered by the thin epoxy layer, magnetized and freely rotated under action of a 18 kOe magnetic field while the epoxy resin was still liquid. This anisotropic configuration was kept until the epoxy has been cured and resulted in increasing the ratio M r /Ms up to 0.92, which corresponds to the configuration of easy axes distributed in the space angel 20 o around the direction of the aligning field. Moreover, the relative distance between these magnetized grains was self-fixed by the balance of their repulsive forces, which corresponds to the energy minimum of a system of the same polarized grains. This configuration corresponds to the remanence M r = 58 emu/g and the intrinsic coercivity i H c = 15 kOe.
In the magnets described above, despite the limited space inside the mold, the grains can be freely rotated while they are loaded into the mold under action of a 18 kOe magnetic field, thus the texture of easy axes of loaded grains can be the same as of grains aligned in the epoxy. The final texture of grains can be disturbed by the compaction pressure P so the remanence M r is decreased by a small amount in comparison with that of the in-epoxy aligned sample.
The 1800 psi in-mold compaction has small influence on the remanence M r but significantly affects the coercivity i H c by decreasing the value from 15 down to 7 kOe. This decline is caused by the disturbtion of the balance of distances between the magnetized grains. Narrowing the inter-grain distance causes the increase of mass density (in comparison with that of the in-epoxy aligned sample). Hence, the system energy is increased and consequently the coercivity is reduced.
While the direct proportion between the pressure P and the magnet mass density is repeatable, the reduction of i H c caused by increasing P is only a trend because its stray energy contribution term depends strongly on the grain shape which is hardly controlled.
To estimate the P versus dependence, the 10 gram arc-melted and annealed MnBi alloy sample was ball-milled and used for preparing magnets. For every batch, 1.5 grams of powders was loaded into the mold with the cross section area 8x10 mm. All the magnets were prepared by the same conditions except the value of the pressure P. The (P) is shown in Fig. 3 . Within the standard deviation of the error, the function (P) can be considered as linear, the mass density increased from 7.8 to 8.6 g/cm 3 by increasing P from 600 to 1800 psi. The influence of the annealing temperature T a on the magnet mass density is also observed. This effect is abrupt when T a is over the melting temperature T m = 271 o C of Bi. Three magnets were prepared by using the same conditions except the value of T a , the density equals 7 and 7.5 g/cm 3 for T a = 220 and 260 o C, respectively and sharply increases to 8.4 g/cm 3 for T a = 300 o C.
High-performance MnBi bulk magnets
MnBi bulk magnets were sintered in a Bi-excess medium. At 300 o C, Bi-excess is in the liquid state, and under action of the pressure P, Bi easily fills in voids and even moves out to the outer surface creating the magnet surface protection layer. Figure 4 presents the magnetization loop of the high-performance magnet prepared by the route with following parameters: i) MnBi alloy was arc-melted and annealed to have LTP content = 97 wt%; ii) this alloy was low-energy ball-milled into powders of average grain size of 5 µm; iii) the powder was aligned in a magnetic field of 18 kOe, hot-compacted by P = 1500 psi at T a = 300 o C for t a = 10 min.
The prepared magnet has the mass density = 8. The anisotropy of this magnet was clearly observed by comparing two XRD pattern taken on the magnet parallel and perpendicular surfaces. These XRD patterns are shown in Fig. 5 . From Fig. 5 , one can clearly see that the peaks belong to the LTPhase, except the peak (012) of Bi. The easy axes of grains are aligned along the direction of the aligning field H a , thus the peaks (002) and (004) of LTPhase of MnBi were appeared clearly in the diagram (a) but unobservable in the diagram (b). Conversely, two peaks (101) and (110) of LTPhase of MnBi were appeared strongly in the diagram (b) since they correspond to the crystal planes perpendicular (the peak (110)) and nearly perpendicular (the peak (101)) to the easy axes (00l).
CONCLUSION
The paper has presented a technology for preparation of high-performance MnBi bulk magnets. To prepare magnets, the starting material of the composition Mn 50 Bi 50 was alloyed by the arc-melt, annealed at the temperature of 300 o C superimposed by the temperature gradient gradT = 2 o C/cm for 20 hours. The alloy had high content of the ferromagnetic phase 98 wt% and was low-energy ball-milled to the powder of the average grain size 5 µm. The powder was aligned in a magnetic field of 18 kOe, hot-compacted at 300 o C for 10 min under pressure of 1500 psi. The prepared magnet had the high mass density = 8.4 g/cm 3 , high anisotropy M r /M s = 0.92, large squareness b H c / i H c = 0.89 and high energy product (BH) max = 8.4 MGOe. These results were obtained thanks to the technique of loading and rotating powder grains into the mold and the optimal compaction for maintaining the high anisotropy and balancing the remanence and coercivity of magnets. The cold ball-mil technique should be investigated to enhance further the coercivity without decreasing the remanence M r and improve the energy product (BH) max closely to 10 MGOe. Từ khóa: nam châm không chứa đất hiếm MnBi, tính dị h ớng, ép dị h ớng nam châm.
